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ABSTRACT
Surface-enhanced second hyper-Raman spectroscopy is a type of nonlinear light
scattering in which three photons are simultaneously annihilated to produce one photon
whose color is slightly shifted from its third harmonic. This process, while incredibly
weak, can be magnified by many orders of magnitude with the aid of plasmonic
substrates. In this dissertation, three different studies are presented probing both the
nature of plasmonics and nonlinear Raman scattering. In the first, nanoparticle
aggregates were dosed with two isotopologues of Rhodamine 6G to determine singlemolecule activity. Plasmon maps of the aggregates were then generated from electron
energy-loss spectroscopy (EELS) and 3D computational electrodynamics simulations.
The results from this study suggest that electron beam excitation of the single molecule
hot spot is only possible when the electron beam from the scanning transmission
electron microscope (STEM) is located outside the junction region. In the second study,
the Fano interferences between localized surface plasmon resonances (LSPRs) of
single silver nanocubes were probed using dark-field optical microscopy, EELS, and
computational electrodynamics. From this study, it was shown that hybrid plasmon
modes induced from an electron beam are the same as those produced by resonanceRayleigh scattering from individual nanocubes. In the third study, silver colloids were
dosed with Rhodamine 6G and tested for second hyper-Raman scattering (2HRS) by
laser illumination. Simulations of this scattering mechanism were extended from
previous vibronic coupling models based on the time-dependent wavepacket approach.
This work showed the incredible enhancement factors required for 2HRS and that the
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scattering mechanism for 2HRS followed the same A-term mechanism as normal
surface enhanced Raman scattering (SERS).
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INTRODUCTION
Statement of Purpose
It has been nearly 40 years since the discovery that roughened metal surfaces
can enhance inelastic light scattering1. Since then, Raman spectroscopy along with its
nonlinear counterparts (hyper-Raman, CARS) have grown into an enormous field of
study with applications ranging from chemical weapons detection 2 to bio-medical
imaging3. These enormous breakthroughs owe much to the nature of the localized
surface plasmon resonance (LSPR), an oscillation of conduction band electrons driven
by the electric field component of light4. These oscillations can cause especially intense
electric field strengths near surface discontinuities, such as sharp points or the junction
between two nanopartilces. While this has been known for some time, it isn’t clear how
exactly substrate size, shape, and dielectric environment contribute to these enormous
field strengths. Work on this problem is critical because increasing the electric field
strength experienced by scattering molecules is known to greatly enhance Raman
scattering5.
The work conducted for this dissertation originally focused on classical
electrodynamics simulations of plasmonic nanoparticles via the discrete dipole
approximation6 (DDA) for correlation with light and electron microscopy. The DDA
software used to model the plasmonic nature of nanoparticles was painstakingly
modified to run on a large heterogeneous compute cluster shortening the computation
time from weeks to hours. Work eventually shifted to the lab where a near IR (NIR)
pulsed OPO was used to conduct the first ever second hyper-Raman scattering (2HRS)
experiments of laser dye on plasmonic substrates.
1

Literature Background
Localized Surface Plasmon Resonance (LSPR) Calculation
Interest in the optical properties of noble metal nanoparticles has existed for
centuries, as the particle’s LSPR is responsible for the brilliant colors in stained glass
windows as well as the Roman Lycurgus Cup7. As light interacts with these metals, the
electric field component can cause a collective oscillation of conduction band electrons
near the surface8; these quantized oscillations of are also known as plasmons. When
surface plasmons are excited but confined to a nanostructure smaller than the
wavelength9 of the incident field, they become localized around the nanoparticle and
oscillate at a very particular frequency, known as the LSPR. These plasmon
frequencies are sensitive to the surrounding dielectric media, particle size and shape as
well as changes in wavelength of the incident light10.
To understand the properties of a nanoparticle’s plasmon, one must use
Maxwell’s equations to describe the interaction of the driving electric field with the
irradiated particle’s conduction band electrons11. When nanoparticles are irradiated, the
oscillating electric field of the incident radiation drives oscillations which bunch up at the
tips of sharp features causing areas of increased charge density. These charge density
fluctuations are responsible for large areas of field intensity and the unique optical
properties of nanomaterials. Unfortunately, Maxwell’s equations can’t be directly
extended to describe particles of any shape and bear no solutions unless the object in
question is very particular geometry, such as a sphere or spheroid12. Solutions for the
spherical case were found by Gustav Mie12 and Richard Gans13-14 and work well for
particles that are roughly spherical but cannot be used to describe the extinction spectra
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or plasmonic nature of other shapes. To study other shapes, numerical methods must
be employed which use some kind of perturbation approach. These methods are
modeled by a computer where it is assumed that a particle’s radius is much smaller
than the wavelength of incident driving field thereby allowing the use of a quazistatic
approximation; this allows for the decoupling of the electric and magnetic fields10,
greatly simplifying the computation. Once decoupled, these two fields can be treated
independently and the magnetic field ignored almost entirely due to its small
contribution of the plasmon excitation10-11.
Discrete Dipole Approximation (DDA)
An understanding of the plasmonic properties of metal nanostructures is of
critical importance due in part to the unique optical properties and large array of
practical uses these entities possess. In the field of inelastic light scattering, for
example, the intensity of an analyte signal can be almost undetectably weak under
normal circumstances5. Generating large electric field strengths through the
combination of lasers and nanoparticle junctions is sometimes the only way to detect
some analyte molecules at low concentrations. Turning up the laser power can help
somewhat, but there is a limit at which the laser destroys the sample before a
measurement can be made; this is where the understanding of LSPRs is important and
currently lacking15.
To calculate the scattering and absorption properties of arbitrarily shaped
particles, approximations must be made as exact solutions to Maxwell’s equations only
exist for special geometries such as spheres and spheroids6, 16. One such numerical
method, the discrete dipole approximation (DDA)6, represents the scatter shape as a
3

finite array of polarizable points. The basic idea for the DDA was proposed by DeVoe1718

and used to study the optical properties of molecular aggregates. Later, Purcell and

Pennypacker19 proposed an improvement of the DDA with the addition of retardation
effects. Each point used to represent the scatterer’s shape can be thought of as a
particular sub volume of the target, with its own polarizability20. Points are then
irradiated by a monochromatic plane wave or other electromagnetic source and acquire
dipole moments in response to the oscillating electric field.
To illustrate this, we step back in time to 1909 where Lorentz21 demonstrated that
the dielectric properties of a substance can be related to the polarizability of material’s
atoms6. This relationship, also known as the Lorentz-Lorenz relation is a simple
relationship in which we expect a continuous target can be represented by an array of
point dipoles6. The polarization of each dipole is:
𝑷𝑗 = 𝛼𝑗 𝑬𝑗

(1)

where (𝛼𝑗 ) is the dipole’s polarizability, (Ej) is the electric field at (rj) from the incident
electric field and Einc,j is:
𝑬𝑖𝑛𝑐,𝑗 = 𝑬𝑜 exp(𝑖𝒌 • 𝒓𝑗 − 𝑖𝜔𝑡)

(2)

plus the contribution of the other N – 1 dipoles.
𝑬𝑗 = 𝑬𝑖𝑛𝑐,𝑗 − ∑ 𝑨𝑗𝑘 𝑷𝑘

(3)

𝑘≠𝑗

The electric field at (rj) due to dipole (Pk) at location (rk) including retardation effects is
𝑬𝑖𝑛𝑐,𝑗 = −𝑨𝑗𝑘 𝑷𝑘

(4)
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The Ajk term is a 3 X 3 matrix and if redefined as 𝑨𝑗𝑗 ≝ 𝛼𝑗 −1 the scattering problem can
be solved by finding polarizations which satisfy
∑𝑁
𝑘=1 𝑨𝑗𝑘 𝑷𝑘 = 𝑬𝑖𝑛𝑐,𝑗 .

(5)

Once P is known for each point, a polarization file is generated and used to generate far
field plots of the electric field which can show areas of large field enhancement. These
calculations can help to identify areas around sharp edges with large field enhancement
along with the nanostructure’s theoretical scattering and absorption spectra16. This is
particularly useful in the investigation of localized surface plasmon resonance in metallic
nanostructures and identifying potential candidates for boosting signal intensity in
surface-enhanced Raman scattering.
Inelastic and Surface-enhanced Light Scattering
When light, which consists of an oscillating electromagnetic field, passes over a
molecule it can distort the electron cloud and induce a polarization. This process 22 is
described by the equation
𝜇𝑖𝑛𝑑 = 𝛼𝑬0

(6)

where (E0) is the incident field, (α) is the polarizability of the molecule, and (µind) is the
induced dipole moment. If the laser frequency is not sufficiently close to an electronic
transition in the scattering molecule, either the photon will pass by without interaction or
the photon will be annihilated and cause a distortion of the electron cloud, known as a
virtual state23. It is important to note that this virtual absorption is not a real absorption
event and no electronic transition occurs. Virtual states consist of a mix of real states of
the molecule along with the energy of the incident photon and are extremely unstable24.
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The decay of the virtual state is the basis for of light scattering of which there are two
major varieties: the elastic (Rayleigh) and inelastic (Raman) scattering25.
When virtual states decay, the lifetime is so short that nuclear motion is not
usually a factor. This means the majority of photons interact only with the relatively light
electrons and are Rayleigh scattered26. In rare cases, however, light and electrons can
interact at the same time as the nuclei of the molecule begin to move and a quantum of
vibrational energy can be transferred from the photon to the molecule when the virtual
state decays. This is an inelastic process is known as Raman27 scattering and the
difference between the incident and scattered photon can be directly mapped to
molecular vibrations. Most of the time molecules are in their ground vibrational state,
however, if this process occurs with a vibrationally excited molecule, energy can be
transferred from the molecule to the scattering photon causing a blue shift in scattered
frequency28. Lower and higher energy scattered photons are also called Stokes and
anti-Stokes shifts, respectively29.
Raman spectroscopy is a wonderful supplement to infrared (IR) absorption
spectroscopy as some vibrational modes are exclusive to both Raman and IR 30.
Raman analysis also has the added benefit of easy sample preparation when compared
to IR and isn’t nearly as sensitive to water31. The two main drawbacks, however, are
expensive laser setups and incredibly weak signals. Despite this, Raman scattering is
an essential tool in vibrational spectroscopy and has exploded since the discovery of
surface enhancement. In 1974, pyridine was adsorbed onto an electrochemically
roughened silver electrode and the Raman signal observed was much stronger than
expected; this process was independently discovered by Jeanmarie and Van Duyne
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and Albrecht and Creighton in 197732.

The surface enhanced Raman Scattering

(SERS) effect was first attributed to an increase in surface area and it was later
proposed that surface plasmon excitation was the cause; this is now the generally
accepted explanation. From equation 6, it can be easily shown that increasing the
incident electric field will increase the magnitude of the induced dipole leading to
stronger Raman signals33. Due to the nature of the LSPR with its areas of intense
electric field from electron oscillations coupled with a pulsed laser leads to Raman
signals large enough to detect even on cheap handheld devices. The increase in signal
from surface enhancement is so strong that Raman scattering went from an almost
undetectable phenomenon to an active area of research able to image analyte
concentrations down to the ultimate limit of a single molecule34.
Nonlinear Inelastic Light Scattering – (2nd) Hyper-Raman Scattering
When light interacts with matter, the oscillating electric field component of the
incident radiation will cause electron oscillations in the target material. If the light
intensity is too great, the system will be overdriven and the system’s response to this
external stimuli will be nonlinear35. This nonlinearity can be described as the
polarization of the scattering material and is represented as8:
⃗⃗⃗ = 𝜀0 𝜒 (1) ⃗⃗⃗⃗
℘
𝑬1 + 𝜀0 𝜒 (2) ⃗⃗⃗⃗
𝑬2 + 𝜀0 𝜒 (3) ⃗⃗⃗⃗
𝑬3

(7)

⃗⃗⃗ ) is the polarization of the material induced when electrons are displaced from
where (℘
their equilibrium position from the force of an external field and 𝜒 (1) , 𝜒 (2) , and 𝜒 (3) are
the linear and nonlinear susceptibilities, respectively36. The ways in which matter and
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light can interact in this “overdriven” nonlinear fashion are numerous so we will restrict
ourselves here to nonlinear light scattering, or hyper-Raman scattering.
Inelastic nonlinear light scattering is an incredibly weak process where two or
three photons are simultaneously annihilated to scatter one photon at a frequency
slightly shifted from the incident laser frequency; the two and three photon process is
known as hyper-Raman25 and 2nd hyper-Raman scattering31. Unlike an absorption,
Raman scattering can occur when a photon interacts with a molecule but lacks sufficient
energy to drive an electronic transition. This happens when a real intermediate state of
the molecule doesn’t exist to support a transition at the photon energy. What occurs
instead, is an extremely short lived molecule-photon interaction where the molecule is
promoted to a virtual state. Virtual states are extremely short lived intermediate states
consisting of a dipole allowed transition from an initial state to some real state
associated with the virtual state. This can only happen if the lifetime of the virtual state
is extremely short lived allowing for a large uncertainty in energy. If the interaction
doesn’t occur in the virtual lifetime, it lacks sufficient energy uncertainty to bridge the
energy gap of the initial to real transition and therefore does not occur37.
Practically, the reason to study these interactions is the information present in the
scattered light. Hyper-Raman and higher orders of scattering are shifted by a quantum
of vibrational energy and can be used to glean vibrational information characteristic of
the scattering molecules38. Due to the differing number of photons which drive these
processes, different selection rules govern both linear and nonlinear Raman
scattering31. Hyper-Raman scattering is an extremely weak process and 2nd hyperRaman scattering is even weaker still, requiring some 17 orders of magnitude from
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surface enhancement to elicit. This process is so weak, it has not been reported before
in molecular spectroscopy until recently by this author and co-workers39. In order to
study these processes, it is important to first understand that detecting a nonlinear
Raman signal is incredibly difficult without the help of plasmonic substrates, which
enhance the scattering signal by many orders of magnitude. Plasmonic enhancement
is so important, many nonlinear effects are undetectable otherwise. Understanding the
plasmonics of nonlinear scattering along with the scattering itself requires the
advancement of knowledge in both areas simultaneously40.

Chapter Summaries
This dissertation investigates both the properties of metal nanoparticles via the
discrete dipole approximation and second hyper-Raman scattering, a nonlinear
vibrational process. Chapter I probes the nature of electromagnetic hotspots in single
molecule surface enhanced Raman scattering via scanning transmission electron
microscopy and electron energy loss spectroscopy. Chapter II investigates Fano
interferences in nanocubes and how electron beams change the localized surface
plasmon resonance when the particles are scanned multiple times. Chapter III is a
combination experimental/theoretical study of the second hyper-Raman process, where
the first observation of second hyper-Raman is reported. These three studies probe the
complex interaction of plasmonics and Raman scattering, along with the theory of
second hyperpolarizabilities.
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CHAPTER I. SINGLE-MOLECULE SURFACE-ENHANCED RAMAN
SCATTERING: CAN STEM/EELS IMAGE ELECTROMAGNETIC HOT
SPOTS?
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Abstract
Since the observation of single-molecule surface-enhanced Raman scattering
(SMSERS) in 1997, questions regarding the nature of the electromagnetic hot spots
responsible for such observations still persist. For the first time, we employ electronenergy-loss spectroscopy (EELS) in a scanning transmission electron microscope
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(STEM) to obtain maps of the localized surface plasmon modes of SMSERS-active
nanostructures, which are resolved in both space and energy. Single-molecule
character is confirmed by the bianalyte approach using two isotopologues of
Rhodamine 6G. Surprisingly, the STEM/EELS plasmon maps do not show any direct
signature of an electromagnetic hot spot in the gaps between the nanoparticles. The
origins of this observation are explored using a fully three-dimensional electrodynamics
simulation of both the electron-energy-loss probability and the near-electric field
enhancements. The calculations suggest that electron beam excitation of the hot spot
is possible, but only when the electron beam is located outside of the junction region.

Published Work
Surface-enhanced Raman scattering (SERS),1-3 discovered more than three
decades ago, relies on the localized surface plasmon resonance (LSPR)4-5 to deliver
large Raman enhancement factors (106 - 1010) to molecules located close to the surface
of plasmonic nanostructures. The SERS effect is so dramatic that, despite the
weakness of Raman scattering, the vibrational spectrum of a single molecule can be
easily observed.6-7 The claims of single-molecule SERS (SMSERS) were initially met
with skepticism because of the extraordinary enhancements proposed (~10 15), and
efforts immediately turned to proving the existence of SMSERS8-10 and characterizing
the nanostructures that gave rise to such massive enhancements. 11-14 More than 15
years later it has become widely accepted that electromagnetic hot spots play a major
role in SMSERS. In the electromagnetic mechanism (EM) of SERS, excitation of the
LSPR in a plasmonic nanostructured material leads to a significant electric field
enhancement (EFE) at the particle surface, and the Raman cross section of molecules

17

in this enhanced field can be increased by several orders of magnitude.5, 15
Electromagnetic enhancements of 1010 - 1011 at the junction between two closely
spaced metallic particles (hot spots) have been predicted, 14, 16-17 and the maximum
achievable enhancements are moderately reduced when quantum effects are taken into
account.18 Also, studies have shown that more modest enhancement factors (on the
order of 107-108) are sufficient to observe a single molecule in SERS for a resonant
molecule such as R6G.19
While the idea of electromagnetic hot spots in SERS is well-known,20-21 Brus and
co-workers22-24 showed using polarization studies that hot spots formed at the junction
of two nanoparticles likely play a major role in SMSERS. This claim was further
supported by atomic force microscopy showing that SMSERS-active structures are
aggregates of Ag nanoparticles. A study correlating high-resolution transmission
electron microscopy (HRTEM), SMSERS, and LSPR showed that multiple aggregate
nanostructures ~100 nm in size, were suitable for observing SMSERS and continuum
electrodynamics calculations on the simplest SMSERS-active aggregates, also
confirmed that the hot spot was located near the interparticle junctions. 25-26 Wustholz et
al. 27 demonstrated that the EFE can reach its maximum when two particles are in
subnanometer proximity or have coalesced to form crevices. Studies performing highresolution two dimensional (2D) imaging of SMSERS hot spots, measured the spatial
distribution of the SMSERS centroid position and the SERS intensity, 28-29 and these
studies were later expanded to include images of the aggregates.30 A recent theoretical
investigation of the spatial, spectral and polarization dependence of the electromagnetic
SMSERS-active hot spots showed that high electromagnetic field strength can be
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produced at multiple spectral and spatial locations.26 This study further demonstrated
that some hot spots exist due to the collective and phase-uniform excitation of LSPR,
while others originate from interfering plasmonic excitations resulting from scattering
from gaps and surfaces.
Despite the large body of evidence in favor of electromagnetic hot spots, only
now have techniques emerged that can image plasmons with the spatial (<1 nm) and
energy resolutions (0.1 - 0.3 eV) necessary to observe the elusive electromagnetic hot
spots, which are thought to be essential for SMSERS. One such technique is electronenergy loss spectroscopy (EELS) in a scanning transmission electron microscope
(STEM).31-40 The power of this technique is derived from its ability to experimentally
render the photonic local density of states (LDOS). Using a Green’s function approach,
Garcia de Abajo and Kociak41 concluded that “the energy loss probability is directly
related to the local density of states in arbitrary systems”. Numerical simulations
support this conclusion and they further emphasize the correspondence between the
projection of the LDOS onto the electron trajectory and the EELS signal.41 Hohenester,
Ditlbacher, and Krenn42 considered this same question and instead concluded that
“there exists no clear-cut relation between EELS and LDOS”.42 They further examined
coupled, flat metallic nanostructures and state that EELS can “be blind to the hot spots
in the gap region between particles.” These theoretical studies focused on structures
which are quasi-planar, and it is not clear to what extent the results apply to the
complex 3D nanoaggregates encountered in SMSERS, where the imaging of hot spots
takes on primary importance. Previous experimental studies have examined (mostly
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planar) coupled nanoparticle structures, 31-33, 36-37 although none of them were known to
be SMSERS-active.
Herein, we present the first STEM/EELS imaging study of plasmon modes in
nanostructures confirmed to be SMSERS-active. Our STEM/EELS studies do not show
an enhanced EEL in the gap regions between nanoparticles, where one would expect
the electromagnetic hot spots to be located. Further, we support our experimental
findings with a fully three-dimensional electrodynamics simulation of both the nearelectric field enhancement (hot spot) and EELS loss probability, for the exact
nanoparticle geometry obtained from the experiment. The simulations are in full
agreement with the experimental results and yield insights into the specific EEL
signatures associated with hot spots.
In our experiment, SMSERS active clusters were identified using the bi-analyte
approach,10, 43 which relies on two isotopologues of Rhodamine 6G,8 R6G-d0 and R6Gd4. Briefly, Ag nanoparticles were treated with a low concentration of the mixture of
R6G-d0 and R6G-d4 (ca. 10-9 M) such that approximately one R6G molecule, either
R6G-d0 or R6G-d4 was adsorbed per active site according to the Poisson distribution8
(see Appendix for Chapter II, Figure 5). Many SMSERS active aggregates were
analyzed with our correlated STEM/EELS/optical approach to ensure a representative
data set. Figure 1 presents correlated annular dark field (ADF) images and optical
spectra of two representative nanostructures confirmed to be SMSERS-active. In good
agreement with previous HRTEM studies, 25 our structures consist of number of
nanoparticles with varying degrees of contact. These contact regions, which we call
“junctions”, arise from coalesced or closely spaced structures and are thought to
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support electromagnetic hot spots. Figure 1 also displays the Raman spectra, without
baseline or background correction, and the resonance-Rayleigh scattering
measurements of the two SMSERS-active particles. As previous studies have
indicated, there is no correlation between the SERS enhancement factor and the LSPR
maximum.23, 25
When preparing SMSERS active nanoclusters via aggregation, only a few
percent of the total aggregates are found to be active.7 This small population of active
aggregates is due, in part, to the low analyte concentrations required to ensure single
molecule character; however, it is additionally assumed that only “special” aggregates
generate an electromagnetic hot spot on resonance with the excitation laser. In this
picture, these “special” aggregates lead to the strongest SMSERS signal; although,
theoretical studies26 have cautioned that one aggregate may have multiple hot spots
and that the maximum electromagnetic enhancement may be a weak function of the
laser excitation energy. To examine the possibility of an electromagnetic hot spot at the
energy of our resonance-Raman experiments (532 nm, 2.3 eV) we plot, in Figure 2, the
spatially resolved intensity corresponding to an electron-energy-loss of 2.3 eV for the
structures shown in Figure 1. We emphasize that the image obtained in Figure 2 is not
dependent on the EELS data processing method. Raw energy slices of EEL (spectra
after centering, normalizing to the zero loss peak (ZLP), and subtracting the ZLP), and
plasmon modes extracted using the Automated eXpert Spectral Image Analysis
(AXSIA) program, are similar to those presented in Figure 2 (See Appendix for Chapter
II Figure 6b, Figure 7b, Figure 8c, Figure 9b). Raw energy slices of EEL (spectra after
centering, normalizing to the zero loss peak (ZLP), and subtracting the ZLP), and
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plasmon modes extracted using the Automated eXpert Spectral Image Analysis
(AXSIA) program, are similar to those presented in Figure 2(See Appendix for Chapter
II Figure 6b, Figure 7b, Figure 8c, Figure 9b). These results demonstrate that there is
no localization of the EEL intensity in the gaps at 2.3 eV, even at the junctions between
the particles.
We have also extracted EEL spectra from the gap regions and display them in
Figure 3. This allows us to probe resonances occurring at energies different from the
excitation laser, e.g. an exceptionally bright aggregate may yield SMSERS activity, even
when the laser is off resonance from the hot spot. As evident from Figure 3a and b, we
do not observe any sharp resonance for either trimer at the points located between the
nanoparticles. One might object that the energy resolution of the current experiment
(~0.5 eV) is insufficient to resolve some of the modes (e.g. modes corresponding to the
gap between the nanoparticles); therefore, for a comparison, we have also included in
Figure 3 EELS data for a nanorod adapted from our previously published work.35 For
the nanorod, we observe well-resolved (spatial and spectral) plasmon resonances.
While it is well known that extreme near-electric-field enhancements can be
obtained at locations near sharp surface protrusions or in nanogaps,14, 16-17 our EELS
results do not show a clear localization of the EEL intensity at the junction of two
nanoparticles. In order to examine this observation in detail we employ a modified
version of the discrete dipole approximation (DDA), called electron-driven DDA (eDDA),44 which imposes the electric field of a swift electron,45-46
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Figure 1. Annular dark field (ADF) images (left), Raman scattering (middle), and
resonance-Rayleigh (right) scattering spectra of two SMSERS active trimer structures.
Single molecule character was confirmed using the isotopologue method.
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Figure 2. Spatially resolved electron-energy-loss (EEL) maps for a loss energy of 2.3
eV for SMSERS active trimers. Images have been normalized to the zero-loss peak
(ZLP). A complete EEL spectrum is obtained for every pixel in the region of interest
(defined by the ADF in Figure 1); however, we focus on the loss energy of 2.3 eV as this
corresponds to the energy of the Raman laser (532 nm, 2.3 eV) used in the SMSERS
experiment. (Images for other loss features are available in the Appendix for Chapter
II.) While it is assumed that the largest electromagnetic enhancement is obtained at the
gap region, no localization of the EEL intensity is observed in the gaps. Scale bars are
50 nm (left) and 100 nm (right).
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Figure 3. ADF images (left) and electron-energy-loss (EEL) spectra (right) for selected
points around the SMSERS active structures (a, b). For comparison the EEL spectra
and ADF images of a nanorod are adapted from Reference 35. The energy of the laser
line used in our experiment (532 nm≈2.3 eV) is indicated with an arrow in the graphs.
The spectra have been normalized so the highest point is 1. Scale bars are 50 nm (a),
100 nm (b), and 50 nm (c).
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Figure 4. (a) Comparison of the calculated electric near-field magnitude obtained from
plane wave excitation (left) with the EEL probability map for a 100 keV electron beam
(right) for the SMSERS active trimer displayed in Figure 1. Simulation of the plane wave
excitation is performed via the DDA at a wavelength of 532 nm. The wave vector of the
excitation field is directed along the z-axis and is polarized along the x-axis. The twodimensional slice displayed corresponds to the plane where the electric-field magnitude
is maximized. Other polarizations, wave-vector directions, and projection planes were
examined and show similar localization of the field in the junction regions. The lossprobability map, computed via the e-DDA, is displayed at a corresponding loss-energy
of 2.3 eV. In agreement with the experiment, the EEL map does not show an intense
loss probability in the junction region. (b) Induced polarization maps (2.3 eV) obtained
for two different positions of the electron beam (green bullet). Placement of the electron
beam in the junction leads to a net anti-bonding arrangement of dipoles (right), whereas
placement of the electron beam on the outside right corner leads to a net bonding
arrangement (left). Also shown is the induced polarization (red vectors) and resulting
scattered electric field (blue vectors), both normalized to unity to aid visualization. Both
panels display two-dimensional slices taken from fully three-dimensional simulations of
the trimer. The plane of visualization was chosen to lie at the height of the centroid of
the two cubes.
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Figure 4. Continued
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rather than a plane wave upon a fully three-dimensional target located a distance
|𝐱| = √|𝐛|2 + z 2

(9)

away from the direction of propagation. In this expression 𝐯̂ is the speed of the
electron, chosen to propagate along the z axis,

γ=

1

(10)
2

√1 − 𝜖 (v)
c

and K0 and K1 are modified Bessel functions. As in the DDA, the target is discretized
into a finite collection of polarizable points that are each driven by the field of the
electron, Eq 8, and by the electric-dipole field of all other target points. Each point is
described by a linear polarizability that depends upon the complex-valued and
frequency-dependent dielectric function of the bulk material.47 When the electron beam
is positioned near the target, the EEL spectra at each position b can be computed from
the loss probability per unit frequency,34, 48
𝑁

1
𝑃𝐛 (𝜔) =
Im ∑ 𝐄∗ (𝐱𝑗 , 𝜔) ∙ 𝐏𝑗 (𝜔)
𝜋ћ

(11)

𝑗=1

where Pj is the dipole moment of jth target dipole and E is the electric field of the swift
electron evaluated at position j. Further details of the theoretical methods are available
in SI and an in depth comparison of e-DDA calculations with experimental STEM/EELS
measurements are the subject of a companion manuscript.44
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Figure 4(a) compares the calculated electric near-field magnitude, obtained from
plane wave excitation (DDA), and the energy-loss-probability map, obtained from a 100
keV electron beam (e-DDA). The calculation in both cases is performed at an energy of
2.3 eV corresponding to excitation with 532 nm light or a 2.3 eV energy loss from the
electron beam. The calculated loss-probability map (Figure 4a, right panel) compares
well with the experiment (Figure 2) although small differences are observed, likely due
to the complex nature of the nanoaggregates, imperfect reconstruction of the
experimental ADF image to an array of dipoles, and variations in the local environment
of the aggregate. Even though this structure is predicted to have an intense
electromagnetic hot spot in the junction region under plane wave excitation (Figure 4a,
left panel), and is known to be SMSERS active, a strong EEL probability in the junction
region at 532 nm is not observed in either the STEM/EELS experiment or the e-DDA
theory. We do, however, observe strong loss features at points external to the junctions
(Figure 4).
Insight into these features can be explored by computing the polarization induced
in the target at 2.3 eV for different electron-beam positions (Figure 4b). Our analysis
suggests that the planar model of bonding and anti-bonding dipoles42 is applicable to
the more complex geometries observed in SMSERS. When the electron beam is
positioned in the junction, the calculations show that a net anti-bonding arrangement of
the target's polarization vectors is induced. This leads to a node of the scattered
electric field in the junction and a small loss probability results. When the electron beam
is positioned on the right side of the nanoaggregate, a net bonding arrangement of the
induced polarization vectors is obtained. This underlies a capacitive electric field that is
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localized in the junction and is characteristic of an electromagnetic hot spot. In fact, we
show in a related paper that the electron-induced junction field and the hot spot set up
by plane wave excitation are directionally identical.44
Both of these arrangements of the target's electronic polarization are due to the forces
exerted by the polarization of the electric field of the swift electron. Interestingly, this
means that the electromagnetic hot spot can indeed be excited by the electron beam,
and that it is in principle possible to induce Raman scattering from the single molecule
with the electron beam.
We present, for the first time, plasmon maps of SMSERS-active nanoparticles
employing STEM/EELS. Although it is widely accepted that electromagnetic hot spots
are responsible for SMSERS activity, and are located between the gaps of
nanoparticles, we do not see a large EEL intensity in these regions. We have rigorously
confirmed that each structure examined indeed gives rise to SMSERS before EELS
imaging. Our experimental results are complemented with fully three-dimensional
simulation that builds the electron-beam excitation directly into the DDA and utilize
shape parameters derived from the experiment. The simulations are in good agreement
with the experimental results and yields insights into the specific EEL signatures
associated with hot spots. In other words, the electromagnetic hot spot can be excited
when the electron beam is positioned at the periphery of the nanoaggregate. With the
rapid emergence of STEM/EELS as a tool for probing the plasmonic properties of
nanostructures, we believe the work presented here will impact a wide range of
STEM/EELS plasmon imaging experiments going forward.
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Appendix for Chapter I
I. Experimental Methods
R6G-d4 was synthesized according to the procedure described by Blackie and
co-workers,49 with NMR and mass spectrometry data of the resulting compound
matching this prior report. Ag nanoparticles were treated with a low concentration of the
mixture of R6G-d0 and R6G-d4 (ca. 10-9 M) such that approximately one R6G molecule,
either R6G-d0 or R6G-d4 was adsorbed per active site according to the Poisson
distribution8 (Figure 5). Silver nanoparticles were obtained from nanoComposix and
used without further purification. In our experiment, no salt was added to the SMSERS
solution since previous nanoparticle studies had demonstrated the existence of
sufficient aggregations and for the purpose of this study simpler structures with not
many overlapping nanostructures are desired. 200 mesh Cu grids coated with holey
carbon (SPI supplies #3540C-FA) were used as TEM supports. A 3 µL aliquot of the
SMSERS solution was drop-coated directly onto the TEM grid and the solvent was
allowed to evaporate. After deposition, the sample was placed on a coverslip, mounted
in a custom-designed sample holder and purged with dry nitrogen. For the Raman
scattering, the sample was irradiated with 532 nm linearly polarized laser light (Spectra
Physics, model J-20) at grazing incidence with a power density of ~0.03 W/cm 2. Optical
measurements were carried out on an inverted microscope (Nikon, Ti-U) equipped with
a dark-field condenser (Nikon, NA= 0.95-0.80) and an ultra-steep Raman long-pass
edge filter (Semrock) to block the laser Rayleigh line. Raman spectra were collected
using a 100X (Nikon, 0.7<NA<1.4, oil immersion) objective and detected on a liquid
nitrogen-cooled back-illuminated charge couple detector (CCD) (Princeton Instruments,
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PIXIS 100). Resonance-Rayleigh scattering measurements were performed on the
SMSERS-active nanoparticles after removing the long-pass edge filter utilizing the
unpolarized light output of a tungsten-halogen lamp. A wide-field image of the silver
nanoparticles on the TEM grid was also recorded to serve as a map for subsequent
characterization in the STEM. This method enabled correlated optical and STEM
measurements of the exact same SMSERS-active nanostructures with an average of 15
active clusters per grid.
After identification and optical characterization of active SMSERS nanoparticles, the
sample was inserted into an aberration-corrected, cold-field-emission STEM (VG
Microscopes HB501UX STEM with Nion aberration corrector and Gatan Enfina EEL
spectrometer). The SMSERS-active nanoparticles were found by comparing the darkfield optical map to the pattern of particles visible in the STEM at very low resolution. 50
After identification, a high resolution ADF image and an EEL spectrum image were
collected from the ZLP containing region, i.e., an EEL spectrum is recorded at each
pixel over the entire region of interest. The spectrometer dispersion was set to 0.05 eV
per channel with an exposure time of 0.05 s per spectrum. The pixel size/density (60 ×
37 pixels for Figure 2, left and 57 × 76 pixels for Figure 2, right) was chosen to give a
total acquisition time of around 11 minutes for a single spectrum image. Shorter
acquisition times were used to avoid accumulation of contaminations caused by the
electron beam. The energy resolution, determined by the full-width-half-maximum of
the ZLP, was ~0.5-0.55 eV. The STEM/EELS data were analyzed using three different
approaches; in the first approach, the raw EELS data were examined after centering the
ZLP of each spectrum at 0eV, normalizing to the ZLP, and subtracting the ZLP, leaving
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only the inelastic contributions to the spectrum image. In the second approach, for a
particular pixel of interest, the complete EEL spectra, after centering and subtracting the
ZLP, were background subtracted and plotted for different probe positions on the entire
structure. In a third and final approach, multivariate statistical analysis employing AXSIA
program,51-52 was applied to the data to extract statistically significant component
spectra and maps; details of this analysis have been discussed in our previously
published work.35 The data analysis using AXSIA is presented in SI. Our experimental
measurements are also supported by electrodynamics simulations based on the DDA, 5354

and the details are presented in the SI.

II. Simulation Methods
Discrete Dipole Approximation (DDA) calculations53-54 were utilized to examine
the electromagnetic-field properties of the trimer aggregate shown in the Figure 1a of
the manuscript. In the DDA the target is discretized into a collection of polarizable
points, each induced by its interaction with an incident plane wave and with fields
arising from the other polarizable elements. Structural parameters for the SMSERSactive nanostructures, such as the edge length, corner rounding (radius of curvature),
and the gaps between the nanoparticles were obtained from the experimental annular
dark field (ADF) image and were used to build the dipole array. These fields are
calculated half a grid spacing from the surface, instead of immediately on the surface, in
order to avoid numerical instabilities that arise at the surface. The grid spacing used
was 2 nm, the dielectric constants of silver were from Palik,47 and the effective medium
approximation of 1.35 was employed to include the substrate effect implicitly. The
effective medium approximation is a well-documented method to include the effects of
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substrate and the environment of the nanoparticles and defines an average dielectric
function to describe the optical response of the entire aggregate.55 Simulation of the
plane wave excitation is performed at a wavelength of 532 nm. The wave vector of the
excitation field is directed along the z-axis and is polarized along the x-axis. The twodimensional slice displayed corresponds to the plane where the electric-field magnitude
is maximized. Other polarizations, wave-vector directions, and projection planes were
examined and show similar localization of the field in the junction regions. The lossprobability map, computed via the e-DDA, is displayed at a corresponding loss-energy
of 2.3 eV. In agreement with the experiment, the EEL map does not show an intense
loss probability in the junction region.
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Figure 5. Histogram showing the frequency with which only R6G-d0 (red), only R6G-d4
(blue) and both R6G-d0 and R6G-d4 (purple) vibrational modes were observed.
Nanoparticles were treated with a low concentration of the mixture of R6G-d0 and R6Gd4 (ca. 10-9 M) such that approximately one R6G molecule, either R6G-d0 or R6G-d4
was adsorbed per active site according to the Poisson distribution.
5
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Figure 6. Energy slices from the spectrum image of trimer, after centering, normalizing
to zero-loss peak (ZLP) and subtracting ZLP, but before noise reduction with principal
components analysis.
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Figure 7. Plasmon maps and loading spectra of SMSERS-active nanostructures using
AXSIA. Multivariate statistical analysis (MVSA) employing the AXSIA program, was
applied to the data to extract statistically significant component spectra and maps.
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Figure 8. Energy slices from the spectrum image of trimer, after centering, normalizing
to zero-loss peak (ZLP) and subtracting ZLP, but before noise reduction with principal
components analysis.
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Figure 9. Energy slices from the spectrum image of trimer, after centering, normalizing
to zero-loss peak (ZLP) and subtracting ZLP, but before noise reduction with principal
components analysis.
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CHAPTER II. Resonance-Rayleigh Scattering and Electron EnergyLoss Spectroscopy of Silver Nanocubes
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Abstract
The Fano interference phenomenon between localized surface plasmon
resonances (LSPRs) of individual silver nanocubes is investigated using dark-field
optical microscopy and electron-energy loss spectroscopy (EELS) in a scanning
transmission electron microscope (STEM). By computing the polarization induced by
the electron beam, we show that the hybridized modes responsible for this Fano
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interference are the same as those present in the resonance-Rayleigh scattering
spectrum of an individual nanocube on a substrate.

Introduction
Metal nanoparticles support collective excitations of their conduction electrons,
which are known as localized surface plasmon resonances (LSPRs).1 LSPRs can be
probed by both far- and near-field excitation sources, including laser light and swift
electrons, from a scanning transmission electron microscope (STEM).2-3 The field of
plasmonics has experienced rapid growth in the last decade, driven in large part by the
ability of metallic nanostructures to manipulate light at subwavelength scales and the
high degree of tunability of the LSPRs by modifying the size, shape, and the
surrounding dielectric environment of the nanoparticle.4 When light is concentrated
using LSPRs, there is an enhancement in the electric field near the nanoparticle
surface, which can be used in various surface-enhanced spectroscopies, chemical
catalysis, and other applications.5-8 Localized surface plasmon resonances are also
utilized routinely in other areas including the detection of single molecules, 9-12 optical
waveguides,13-16 photonic circuits,17-19 non-linear spectroscopy,20-25 and solar energy
harvesting,26-31 among others.
The recent increase in the diverse applications of LSPRs warrants a fundamental
understanding of the optical response of nanostructures based on their geometries and
interactions with a local environment, particularly at the single nanoparticle level. 32-33
Numerous studies on noble metal nanoparticles have correlated optical resonanceRayleigh scattering with particle structure and continuum electrodynamics
simulations.34-42 These reports emphasized the strong dependence of the LSPRs on
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nanoparticle geometry; however, direct measurements of the near-field optical response
of nanostructures were lacking. Similarly, the effect of a surrounding dielectric
environment on LSPRs has been investigated with spectral shifts in the LSPRs due to
changes in the refractive index of the substrate being reported.36, 43-46 STEM with
electron-energy loss spectroscopy (EELS) offers a method of probing the near-field
response and local dielectric environment of metal nanoparticles with sub-nanometer
spatial resolution.2, 47-48 The emergence of STEM with EELS2, 49-52 or energy-filtered
TEM (EFTEM),53-54 as an unprecedented tool for directly mapping plasmon modes in
metal nanostructures with subnanometer resolution, has fostered a deeper
understanding of the near- and far-field effects in plasmonic systems.
More recent studies have reported the manifestation of Fano resonances in
plasmonic nanostructures when excited by light.43, 55-57 This phenomenon occurs as a
result of the coupling and interference between optically bright and dark modes due to
symmetry breaking.43, 58 The energetically narrow spectral features found in Fano
resonances make them attractive in areas such as refractive index59 and molecular
sensing,57 particularly due to the absence of radiative damping in the subradiant modes.
While most Fano interference studies have involved optical techniques such as darkfield optical microscopy, the observation of this phenomenon in STEM/EELS is still
lacking and not well understood. To date, only cathodoluminescence (CL)
spectroscopy, in which a focused electron beam is used as an excitation source, has
been used to investigate Fano resonance signatures in certain plasmonic systems.60-61
It has been shown that under electron beam excitation, Fano interferences were not
observed in these systems. More recently, however, Masiello and co-workers have
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predicted the signatures of electron-driven Fano resonances in CL and EELS in
symmetry-broken nanorod dimers that are heterogeneous in material composition and
asymmetric in length.62
In this article, we apply a combination of dark-field optical microscopy and
STEM/EELS63-64 to the investigation of the LSPR properties in individual silver
nanocubes. Single nanocubes have been chosen in this study due to their already wellcharacterized plasmonic and optical Fano resonances.35-36, 43, 60, 65-67 Our observations
are supported with fully three-dimensional continuum electrodynamics simulations using
plane wave and electron beam excitations. Our simulations and experiments indicate
that Fano interferences are present within the nanocube-substrate configuration and
can be excited with EELS. Additionally, the damaging effect of raster-scanning the
electron beam over the nanocube on the subsequent optical scattering spectrum is
examined.

Experimental Methods
Dark-field Optical Scattering Experiment
Samples were prepared using a method described previously.63 Briefly, a 3 μL
aliquot of silver nanoparticle colloids was drop-coated onto a copper TEM grid coated
with 10-20 nm of amorphous carbon (SPI supplies #3520C-CF). Resonance-Rayleigh
scattering measurements were performed on a series of individual particles using an
inverted microscope (Nikon, Ti-U) equipped with a dark-field condenser (Nikon,
NA=0.95-0.80). The excitation source was unpolarized light from a tungsten-halogen
lamp. Scattered light from an individual nanoparticle was collected with a 100X
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objective (Nikon, 0.7<NA<1.4, oil immersion) and coupled into a dispersive imaging
spectrometer (Acton Research, f=0.3 m) using an f=5.0 cm lens. Light was detected on
a liquid nitrogen-cooled back-illuminated charge coupled detector (CCD) (Princeton
Instruments, PIXIS 100). The dark-field scattering spectrum of each individual
nanocube was obtained using a 150 g/mm grating with a 500 nm blaze. A wide-field
image of the silver nanoparticles on the TEM grid was also recorded to serve as a map
for subsequent location in the STEM. This method enabled correlated optical and
STEM measurements from the same nanostructures.68
STEM/EELS Experiment
STEM/EELS experiments were performed on a Carl Zeiss LIBRA® 200MC field
emission transmission electron microscope equipped with a monochromator and
operating at 200 kV. The electron source was a Schottky emitter and the
monochromator was integrated in the field emission gun to form an omega-type imaging
element. This special design of the monochromator eliminated 2nd order chromatic
aberrations and also made it suitable for STEM/EELS under the operating conditions.
The nanocubes of interest were found by comparing the optical maps to the pattern of
particles imaged in the STEM at very low resolution. After correctly identifying each
nanocube with an optically measured LSPR spectrum, a high resolution high angle
annular dark field (HAADF) image was recorded. EEL spectra were obtained at each
pixel over the entire region of interest with a dispersion of 0.05 eV per channel and a
dwell time of 0.05 s per pixel. The pixel size density used for collecting each spectrum
image (SI) resulted in a total acquisition time of 12 minutes per SI. The energy
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resolution for each SI, determined by the full width at half maximum (FWHM) of the zero
loss peak (ZLP), was 0.19 eV.
Experimental STEM/EELS data from each nanocube were analyzed using
DigitalMicrograph imaging software by Gatan Inc. Briefly, a pixel of interest from the SI
of the nanocube was selected and the corresponding full energy-loss spectrum was
obtained. The ZLP of the EEL spectrum was fit to a Gaussian and Lorentzian and
centered at 0 eV, with each EEL spectrum normalized to the ZLP before subtraction.
The deconvoluted EEL spectrum was truncated to a region (2.0-4.0 eV) corresponding
to the measured Rayleigh scattering spectra of the nanocubes in order to fully compare
the resonances from both excitation sources. The Automated eXpert Spectral Image
Analysis (AXSIA) program developed by Keenan and co-workers69 was used in order to
extract and interpret the plasmon modes which overlap spectrally and spatially.
Furthermore, the application of multivariate statistical analysis (MVSA) to the
experimental EELS data ensured the reduction of non-uniform noise in the spectrum
image while the principal component analysis (PCA) in Automated eXpert Spectral
Image Analysis (AXSIA) produced the plasmon modes and corresponding spectra.
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Theoretical Methods
The coupled-dipole approximation70 or discrete dipole approximation (DDA)71
approach is routinely used to study the response of metal nanoparticles subjected to
electromagnetic radiation.4 In this work, plane wave spectra and the associated
scattered electric fields and target polarizations were generated with the DDA. 71
Electron energy-loss spectra (EELS), the resulting scattered electric fields, and target
polarizations were generated using the recently developed electron-driven discrete
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dipole approximation (e-DDA).72-73 The structure of the computed cubes was adjusted
within the experimental measurement error to best fit the computed far-field scattering
spectrum to the experimental results. The corner radii were within the variation of the
observed radii for the cube being modeled, and the height of the cube, while not
observed directly, was within the observed deviation from cubic of other synthesized
cubes in the same batch.
The two lowest energy plasmonic modes of the cube on a substrate are hybrid
modes constructed from linear combinations of dipole (D0) and quadrupole (Q0) modes
of the cube in vacuum.43 In order to determine the phase and relative magnitude of D0
and Q0 across a spectral range spanning the two lowest energy modes, the target
polarizations, 𝐏(ω), were computed, then projected onto primitive dipolar and
quadrupolar normal vectors,
̂d |𝐏(ω)⟩
d(ω)  =  ⟨𝐧

(12)

̂q |𝐏(ω)⟩
q(ω)  =  ⟨𝐧

(13)

̂𝑑  is the primitive dipolar normal vector, q is the
where d is the dipolar amplitude, 𝐧
̂𝑞  is the primitive quadrupolar normal vector. For the
quadrupolar amplitude, and 𝐧
plane wave, the primitive dipolar normal vector points in the opposite direction of the
polarization of the driving electric field. The plane wave driven primitive quadrupolar
normal vector points parallel to the polarization of the driving electric field in the upper
half of the cube, and antiparallel in the bottom half. For EELS, the primitive dipolar
normal vector points radially outward from the line path of the electron. The EELS
primitive quadrupolar normal vector points radially outward from the line path of the
electron in the upper half of the cube, and radially inward in the lower half. The
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polarization of the substrate was not explicitly treated by this mode projection analysis,
but its effects are implicitly accounted for in all calculations.

Results
A. Correlated studies of individual silver nanocubes
The plasmonic properties of silver nanocubes were characterized using dark-field
optical microscopy and STEM/EELS (see Experimental Methods section) although the
discussion here will be limited to a single nanocube. Structural parameters for each
cube such as edge lengths and radius of curvature have been obtained from the
HAADF images in a STEM. Figure 10 shows the overlaid experimental (red trace) and
theoretical (black trace) spectra obtained using plane wave and electron beam
excitations, from the exact same nanocube whose corresponding HAADF image is
shown in the inset. The experimental and theoretical optical scattering spectra (left
panel) highlight the characteristic optical response of a silver nanocube on a substrate
under plane wave excitation and are in excellent agreement with each other and with
previous studies.35-36, 65 In the optical scattering spectra, the peak at ~2.3 eV is
attributed to the hybridized bonding mode, D0 + Q0, between the primitive dipolar (D0)
and quadrupolar (Q0) modes of the cube in vacuum while the peak at ~2.8 eV
corresponds to the hybridized antibonding mode, D0 - Q0. Hybridization between the D0
and Q0 modes occurs in the presence of a substrate, as evidenced by the dip at ~2.6 eV
in the optical scattering spectra, which lowers the symmetry of the plasmonic system
and can be interpreted as a substrate-induced Fano resonance.43 Moreover, the
splitting and relative peak intensities in the optical scattering spectrum are known to be
strong
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Figure 10. Comparison of the experimental (red trace) and computed (black trace)
spectra obtained using plane wave light and electron beam excitation, for a single silver
nanocube (HAADF image in inset). Left panel: resonance-Rayleigh scattering spectrum
of a silver nanocube (schematic diagram indicating the polarization of the incident
electric field in inset). Middle and right panels: electron-energy loss (EEL) spectrum
obtained from the corner, (position 1) and edge (position 2) of the same nanocube.
Solid black trace in the EEL spectra was obtained by convolving each point in the
computed EEL spectra (dotted black trace) with a Gaussian function with a full width at
half-maximum of 0.19 eV. Black arrows in the three panels indicate the position at which
the D0 + Q0 → D0 – Q0 Fano interference occurs in the simulations.
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functions of the spacing between the cube and the substrate.65 The higher energy
modes (3.2 eV and 3.5 eV) present in the theoretical scattering spectrum are beyond
the energy range of our spectrometer and hence, are not observed experimentally.
In Figure 10, the experimental EEL spectra (red trace, middle and right panel)
are extracted from two different positions (1 and 2 in HAADF image inset) on the
nanocube although the STEM/EELS procedure involved raster-scanning the electron
beam over the entire nanocube. This was done in order to investigate the spectral
dependence of the plasmon resonance on the position of the electron beam. The EEL
probability spectra computed at the two beam positions are indicated by the dotted
black trace. In order to best compare to the STEM/EELS experiment, each point in the
computed EEL spectra was convoluted with a Gaussian function with a full width at halfmaximum (FWHM) of 0.19 eV corresponding to the energy resolution of the ZLP in the
STEM/EELS experiment (solid black trace). While the computed and experimental EEL
spectra at the corner and edge of the cube are in good agreement, the absence of the
large dip in the experimental EEL spectrum at position 1 at ~3.1 eV may be due to an
overlap between plasmon modes which is evident by the shoulder at ~3.2 eV in the
experimental EEL spectrum.
Utilizing a correlated approach in the study of the LSPR properties of silver
nanocubes facilitates the investigation of Fano interferences with STEM/EELS since the
optical scattering spectrum provides the essential information on where this interference
is likely to occur. In the resonance-Rayleigh scattering spectrum, the dip at 2.6 eV
indicated by a black arrow, is due to a Fano interference corresponding to the local
minimum at ~2.5 eV in the experimental EEL spectrum at positions 1 and 2. Even
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without any sophisticated post STEM/EELS experimental data processing, the ability to
resolve such a feature highlights the significance of obtaining EEL spectra at high
energy resolution.74-75 In the computed EEL spectra, a similar feature at 2.6 eV
(indicated by black arrow) is present at both electron probe positions; however, this
feature is more pronounced when the probe is at position 2.
This suggests that the efficiency of the coupling between the D0 and Q0 modes
depends on the position of the probe and will be discussed subsequently. A slight
energy difference (~0.1 eV) between the computed resonance-Rayleigh Fano dip and
the experimental EELS Fano dip observed in position 2 is likely an artifact of either
electron beam damage or ZLP removal, and we do not believe it to be of any
significance.
B. Investigation of Fano interference in STEM/EELS
Coupling between a bright and dark mode is essential for the observation of
Fano resonances. With a STEM electron beam, the selection rules governing the
excitation of LSPRs enable the excitation of both bright and dark modes and might
hinder the direct observation of this interference. However, the strong spatial
dependence of the evanescent electric field of the passing electron suggests the
possibility of an interference between a mode excited close to the electron beam and
another mode excited outside its influence.62 While the substrate-mediated interaction
between the D0 and Q0 modes under plane wave excitation has been shown to be a
Fano resonance,43 no experimental work has of yet shown whether such a resonance
will exist under electron-beam excitation.
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We can understand the Fano effect in the cube on a substrate by attaching a
phase, φ(ω), to the Q0 mode relative to the D0 mode as a function of excitation energy
so that we may write the contribution from the two fundamental modes as a function of
energy as:
𝐏 = 𝐃𝟎 + 𝐐𝟎 eiφ(ω)

(14)

where P is the overall target polarization and D0 and Q0 are the full vector-valued
representations of the modes they represent. The Fano resonance occurs when φ
crosses π/2, where the hybridization switches from a bonding to an antibonding
arrangement.
To extract relative phase data from the computed polarizations, we have
projected primitive dipole and quadrupole model normal vectors onto the simulated data
(see Methods for greater detail). Figure 11 shows the projection coefficients d(ω) and
q(ω), for the D0 and Q0 modes respectively, as a function of excitation energy for both
plane wave and electron beam excitations. The blue and green traces in all three cases
correspond to d(ω) and q(ω), respectively. The red trace corresponds to the computed
optical scattering and EEL spectra and has been included for comparison. Under plane
wave excitation (left panel), a relative phase shift through φ = π/2 in q(ω) occurs around
2.7 eV. A corresponding phase shift through φ = π/2 is seen in the two rightmost panels
of Figure 11, indicating the presence of a Fano interference in the EEL spectra as well.
Similarly, a corresponding relative phase shift occurs in STEM/EELS close to 2.7 eV,
again suggesting a Fano resonance. These results are in excellent agreement
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Figure 11. Investigation of Fano interferences using the projection coefficients d(ω)
(blue trace) and q(ω) (green trace) of the D0 and Q0 modes under plane wave and
electron-beam excitation. Left panel: projection coefficients as a function of excitation
energy under plane wave excitation. The Fano interference occurs where the phase of
the Q0 mode crosses φ = π/2 and is indicated by a dotted vertical line at ~2.7 eV. The
computed optical scattering spectrum (red trace) has been used to correlate the position
where the Fano interference occurs (~2.6 eV). Middle and right panels: projection
coefficients with computed EEL spectra obtained at the corner and edge of the
nanocube, respectively. Under electron beam excitation, the phase of the Q 0 mode also
cross φ = π/2 near 2.7 eV and suggests that the Fano interference mechanism under
STEM/EELS excitation is the same as for a plane wave.
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with the computed substrate- and vacuum-localized scattered electric fields computed
just lower and higher in loss energy from the phase-flip (Figure 13). However, the
phase shift is less pronounced in both edge and corner EEL spectra, indicating that the
Fano interference, while present, will be much more subtle in the EEL spectrum than in
the plane wave spectrum. We believe this to be due to the electron beam’s capability to
excite both the quadrupole and the dipole, though at different oscillator strengths
depending on the location of the electron beam. By driving both the D0 and Q0 modes
with the incident electric field to an extent, the phase shift in EELS is reduced compared
to plane wave excitation and the Fano effect becomes smaller. It is also worth noting
that a Fano effect is enhanced in cubes without rounded corners.43
C. Plasmon and EEL probability maps of silver nanocubes
Figure 12 presents the experimental and computed EEL probability maps of the
same nanocube. The experimental spectrum images (left panel) and normalized
loading spectra (middle panel) were extracted using the MVSA and AXSIA program 69.
This method has been used previously in the extraction and interpretation of plasmon
modes with high spectral and spatial overlap.63-64 The extracted eigenmodes at 2.2 eV,
2.7 eV and 3.1 eV exhibit a similar spatial profile in which the intensity is localized at the
corners of the cube while the eigenmode at 3.5 eV has an edge-localized spatial profile.
The EEL probability maps (right panel) were computed for energies corresponding to
the peaks in the theoretical EEL spectra (Figure 10, middle and right panels) for
comparison. Knowledge of the spectral positions of the superradiant (~2.3 eV) and
subradiant (~2.8 eV) hybridized plasmon modes obtained from the optical scattering
spectrum in Figure 10 enabled us to directly correlate the energies that
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Figure 12. Top-down plasmon maps and computed EEL probability maps of a silver
nanocube. Left panel: experimental EEL spectrum image components derived using
MVSA and AXSIA. Middle panel: corresponding loading spectra for each spectrum
image component, interpreted as the energy of each plasmon mode. Right panel:
computed EEL probability maps indicating spatial regions on the nanocube where there
is high electron energy loss probability.
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correspond to the same plasmon eigenmodes in Figure 12 (2.2 eV and 2.7 eV).
However, discerning the three-dimensional profile of the hybridized plasmon modes,
which have identical spatial profiles when projected onto the plane perpendicular to the
motion of the electron beam, was done only by computational means since our
STEM/EELS experiment only gathers two-dimensional loss probability information
(Figure 13). A recent report by Nicoletti et al. has demonstrated the ability to obtain
three-dimensional plasmon maps in silver nanocubes with electron tomography76
D. Identification of Vacuum- and Substrate-Localized Hybridized modes
Figure 13 shows the computed scattered electric fields of the two lowest-energy
modes, in which the vacuum- and substrate-localization of the electric fields are
investigated for both plane wave and EELS for two different electron-beam positions.
Under plane wave excitation, the substrate-localized electric near-field (Figure 13, left
panel, top) arises from the hybridized plasmon mode formed from the constructive
superposition of the primitive dipolar (D0) and quadrupolar (Q0) plasmon modes, D0 +
Q0. On the other hand, the vacuum-localized electric near-field (Figure 13, right panel,
top) corresponds to the hybridized mode that originates from the destructive
superposition of the primitive modes, D0 - Q0.43 In the electron-beam excitation
scenario (Figure 13, middle and bottom rows), the field maps show two spatial profiles
that correspond to the D0 + Q0 and D0 - Q0 hybridized modes at 2.34 eV and 2.8 eV
obtained under plane wave excitation. For the D0 + Q0 mode, the spatial profiles of the
scattered near-electric-fields show a highly localized intensity at the cube-substrate
interface for the two electron-beam positions.
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Figure 13. Scattered near-electric fields of hybridized plasmon modes in a
silver nanocube on a substrate (dashed line). Left panel: substrate-localized
plasmon mode for plane wave (top) and electron-beam excitations (middle
and bottom), corresponding to the constructive interference of the hybridized
primitive dipolar (D0) and quadrupolar (Q0) plasmon modes. Right panel:
vacuum-localized plasmon modes corresponding to the destructive
interference of the D0 and Q0 plasmon modes. The plane in which the
electric field is evaluated lies outside the cube by 1 nm, parallel to the front
face of the cube, perpendicular to the substrate.
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While the intensity is localized at the interface, there are small differences in
spatial profile of this hybridized mode as the electron beam is moved from the corner to
the edge of the cube. This is due to the induced polarizations in the target from the
electron beam giving rise to the scattered fields that depend on the position of the
electron probe relative to the target. Similarly, the D0 - Q0 hybridized mode shows a
highly localized intensity at the top of the cube for both excitation sources. The
significant correspondence between these plane wave and EELS hybridized plasmon
modes suggests that a Fano interference that has the exact same mechanism as that of
a plane wave is induced by the electron beam.
E. Changes in local dielectric environment
A recent EELS study of silver nanocubes by Mazzucco et al. suggested highly
local effects on the LSPR77; however, a comparison of the experimental optical
scattering spectra for the nanocubes was lacking despite the known strong dependence
of the optical spectra on the local dielectric environment. The deposition of
contamination by the electron during STEM/EELS imaging warrants a study on how
modifications to the local environment affect the optical scattering spectrum. Figure 14
(left and right panels) illustrates the optical scattering spectrum of a single silver
nanocubes (ADF in inset), taken before (black trace) and after (red trace) STEM/EELS
measurements. The change in the optical LSPRs after STEM/EELS suggests that
substrate has been drastically altered by the electron beam. Furthermore, the
stretching of the LSPRs differs from previous studies on silver nanocubes which
reported red shifts both peaks in the LSPRs as the refractive index of the substrate
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Figure 14. Resonance-Rayleigh scattering spectra of silver nanocubes obtained before
(black trace), and after (red trace) exposure to the electron beam in STEM/EELS. The
optical scattering spectra of both nanocubes after STEM/EELS strongly suggest a
modification of the local dielectric environment by the electron beam.
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was increased.36, 43 This effect has been recently highlighted in a perspective article78
and it also suggests a possible reason for the weak observation of Fano interferences in
STEM/EELS.

Conclusion
Through a correlated approach we have predicted and observed for the first time
the subtle Fano interference in silver nanocubes with STEM/EELS. The presence of a
substrate mediates the hybridization of the primitive dipolar and quadrupolar modes
present in the silver nanocube in both optical and STEM/EELS experiments. By
computing the polarization phase-flip from a relative phase of 0 to π/2 induced by the
electric field of the electron probe, we have shown that the hybridized modes
responsible for this interference are the same as those present in optical spectroscopy.
Furthermore, we have demonstrated the drastic changes that occur in the optical
LSPRs of silver nanocubes after exposure to the electron beam. As efforts to
understand the detailed connection between optically-driven and EELS-derived
plasmons in complex nanostructures continue, a correlated approach, along with
sophisticated data analysis and simulations, will be essential.
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CHAPTER III. SECOND HYPER-RAMAN SCATTERING,
OBSERVATION AND THEORY
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Abstract
We report the first observation of molecular second hyper-Raman scattering of
R6G on silver colloids using a NIR OPO and surface-enhancement. TDDFT simulations
were also expanded to calculate the second hyperpolarizability of R6G for comparison
with experiment. Theory predicts and experiment confirms that R6G scatters through
the A-term mechanism and silver colloids offer a whopping 12 order of magnitude
enhancement over SERS.

Introduction
Nonlinear light scattering can be described by the simultaneous interaction of a
molecule with more than one photon and was first observed by Terhune1 et al. in 19652.
In their experiment, a pulsed ruby laser was focused onto water and quartz resulting in
scattered radiation at the second harmonic (hyper-Rayleigh) and slightly shifted from
the second harmonic (hyper-Raman)3. While these processes have been studied
extensively for over 50 years, third harmonic inelastic scattering, or second hyperRaman scattering (2HRS), has not been reported. The scattering intensity of 2HRS is
proportional to the cube of the incident power and therefore requires enormous optical
intensities to elicit. The levels of power needed to probe this process are usually
sufficient to destroy the probe molecule but with the help of surface enhancement, we
report this phenomena for the first time.
Nonlinear optical phenomena are increasingly utilized in a variety of
spectroscopic techniques. Some of the more notable instances include three-photon
biomedical imaging4, all-optical switching5, data storage, and clinical diagnostics6.
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When high intensity laser radiation interacts with a molecule, the electric field
component induces a polarization7
𝑝 = 𝜶𝑖𝑗 𝑬𝑗 + 𝛽𝑖𝑗𝑘 𝑬𝑗 𝑬𝑘 + 𝛾𝑖𝑗𝑘𝑙 𝑬𝑗 𝑬𝑘 𝑬𝑙

(15)

where α is the linear polarizability and β and γ are the first and second
hyperpolarizabilities, respectively. In bulk, these terms become polarization per volume
leading to the familiar linear and nonlinear susceptibilities: χ(1), χ(2), and χ(3)8. Under low
light conditions, the hyperpolarizability terms vanish but when the incident fields become
very intense the non-linear terms become significant and produce a plethora of optical
effects9. Of particular interest are the χ(3) processes, responsible for such phenomena
as coherent anti-Stokes Raman scattering (CARS), third-harmonic generation in
frequency tripling and 2HRS. 2HRS is a degenerate four-wave mixing χ(3) process in
which three photons are simultaneously annihilated to scatter one photon as:
𝜔𝑠 = 3𝜔𝐿 − 𝜔𝑣𝑖𝑏

(16)

where (𝜔𝐿 )is the laser frequency and (𝜔𝑣𝑖𝑏 )is the vibrational frequency of the scattering
material10. Further study of this fundamental spectroscopy is critical as accurate
measuring of χ(3) processes can be strongly dependent on measurement method, light
frequency, and experimental setup11.
In this chapter we report the first observance of molecular surface-enhanced
second hyper-Raman scattering (SE2HRS) of Rhodamine 6G (R6G) at concentrations
less than 10-7 M on silver colloids. Comparison with theoretically calculated resonant
2HRS simulations spanning the (S1←S0) transition reveal the three-photon scattering
mechanism of R6G proceeds through the same A-term mechanism as normal surface-
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enhanced Raman scattering (SERS). TDDFT calculations of absolute three-photon
scattering cross section for R6G along with known experimental parameters give an
enhancement factor for SE2HRS of approximately[𝐸𝑆𝐸2𝐻𝑅𝑆 = 1017 ].

Comparison of Theory and Experiment
A comparison of the experimentally measured and theoretically calculated
scattering spectra of R6G is presented in Figure 15. The excitation energy is kept
constant in the experimental series; therefore, the SERS(𝜔532 ), SEHRS(2𝜔1064 ), and
SE2HR(3𝜔1596 ) scattering spectra appear in the exact same wavelength range. The
agreement between the SERS spectra and RRS simulation at ω532 demonstrates that
the scattering mechanism of SERS is A term (Franck-Condon) dominated. TDDFT
calculations of A-term R2HRS match well with the SE2HRS experiment at ω1596 and
demonstrate that SE2HRS is also A-term controlled. As expected, both the SERS and
SE2HRS spectra are comparable, indicating that both processes have similar selection
rules and proceed via the same A-term mechanism. Simulated RRS and R2HRS
spectra are identical because they are predicted to occur via the same mechanism and
neglect the effect of the metal surface. Inclusion of the surface in the simulations would
likely improve the agreement with the measured spectra. SEHRS at ω1064 has been
shown previously to be B-term (non-Condon) dominated so differences between the
SERS, SE2HRS and SEHRS are to be expected5.

Description of Simulations
Previous work5, 12-13 has demonstrated the usefulness of combining experiments
with first-principles simulations. In particular, we have demonstrated a comprehensive
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Figure 15. Comparison of experimentally measured (Raman, hyperRaman, second hyper-Raman) spectra of R6G on silver colloids and
TDDFT calculations of Raman cross sections on resonance. (a) SERS
spectra (black) of R6G and theoretical resonance Raman scattering (RRS)
calculation (red) of R6G at 532nm excitation. (b) SEHRS spectra (black)
and theoretical resonance hyper-Raman scattering (RHRS) calculation
(blue) of R6G at 1064nm excitation. (c) SE2HR spectra (black) and
theoretical resonance second hyper-Raman scattering (R2HRS) calculation
(green) at 1596nm excitation.
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understanding of the one-photon and two-photon properties of R6G by combining
SEHRS and SERS with theoretical simulations. Here we expand upon that work to
include for the first time the three-photon properties of R6G by comparing experimental
and simulated SE2HRS spectra. In contrast to the theory for describing RRS and HRS
which is well established, the theory necessary for describing 2HRS has not been
presented. Here we expand the vibronic coupling models based on a time-dependent
wavepacket approach to enable first-principles simulations of 2HRS. Here we present
the main result but the full derivation of the expressions for the R2HRS cross section
and its isotropic averaging is given in the Supporting Information.
The differential second hyper-Raman scattering cross section can be written as:
𝑑𝜎 𝑅𝑆𝐻𝑅𝑆 64𝜋 2 𝛼 4 ℎ4 4 2
2
〉]
=
𝜔𝑠 [〈𝛾𝑌𝑌𝑌𝑌 〉 + 〈𝛾𝑍𝑌𝑌𝑌
𝑑Ω
𝑒 8𝑐2

(17)

where (𝛼) is the fine structure constant, (ℎ) is Planck’s constant, (𝑒) is the fundamental
charge, (𝑐) is the speed of light, and (𝜔𝑠 = 3𝜔𝐿 − 𝜔v ) is the scattered frequency for the
normal mode with frequency(𝜔v ). The individual resonant second hyper-polarizabilities
are calculated using a time-dependent formalism given by:

𝛾𝜌𝜎𝜏𝜈 (−3𝜔𝐿 ; 𝜔𝐿 , 𝜔𝐿 , 𝜔𝐿 ) = ∑(𝜇𝜌0𝑙 )
𝑙

𝑒𝑞

∞
𝑙0 )𝑒𝑞
(𝑇𝜎𝜏𝜈
∫ 𝑑𝑡⟨𝐹0 |𝐼𝑙 (𝑡)⟩ 𝑒 𝑖(𝜖𝐼0 +3𝜔𝐿)𝑡−Γ𝑙𝑡

(18)

0

where the Franck-Condon approximation (A-term) has been assumed. The notation
(𝑥 𝑒𝑞 ) indicates a transition moment evaluated at the ground state equilibrium position.
A Gaussian wavepacket |𝐼𝑙 (𝑡)⟩ is then propagated on the excited state|𝑙⟩. The intensity
is determined by the product of the one- and two-photon transition moment (𝜇𝜌0𝑙 )

𝑒𝑞
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𝑙0 )𝑒𝑞
and(𝑇𝜎𝜏𝜈
, respectively. For comparison, the resonant polarizability responsible for A-

term RRS is given by:

𝛼𝜌𝜎 (−𝜔𝐿 ; 𝜔𝐿 ) = ∑(𝜇𝜌0𝑙 )

𝑒𝑞

∞

(𝜇𝜎𝑙0 )𝑒𝑞 ∫ 𝑑𝑡⟨𝐹0 |𝐼𝑙 (𝑡)⟩ 𝑒 𝑖(𝜖𝐼0 +𝜔𝐿)𝑡−Γ𝑙𝑡

(19)

0

𝑙

and the resonant first-hyperpolarizability responsible for the A-term RHRS is given by:

𝛽𝜌𝜎𝜏 (−2𝜔𝐿 ; 𝜔𝐿 , 𝜔𝐿 ) = ∑(𝜇𝜌0𝑙 )
𝑙

𝑒𝑞

∞
𝑙0 )𝑒𝑞
(𝑆𝜎𝜏
∫ 𝑑𝑡⟨𝐹0 |𝐼𝑙 (𝑡)⟩ 𝑒 𝑖(𝜖𝐼0 +2𝜔𝐿)𝑡−Γ𝑙𝑡

(20)

0

0𝑙 )𝑒𝑞
where (𝑆𝜎𝜏
is the two-photon transition moment. Thus, in the limit that only one

excited state contributes to the scattering event the theory predicts that all three
processes should display similar spectra as they only differ in the pre-factors that
determine the overall intensity but not the relative intensities.

A-term Dominated SE2HR Scattering for R6G
The first electronic excited state in R6G (S1) is localized on the xanthene ring and
corresponds to the promotion of an electron from the antisymmetric HOMO to the
symmetric LUMO (Figure 16). The excitation from S0 to S1 (S1←S0, 19000 cm-1)12 is a
strong one-photon, dipole-allowed transition and dominates the one-photon absorption
spectrum (Figure 16). Two-photon absorption from S0 to S1 is not favored due to the
change in parity between the HOMO and LUMO. The HRS of R6G is dominated by
non-Condon effects and is analyzed extensively elsewhere5.
A-term scattering is the dominate mechanism in RRS and 2HRS for R6G and
can be understood by considering the transition dipole moments that determine
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Figure 16. Calculated one(𝜔532 ), two(𝜔532 ), and three(𝜔532 ) photon absorption
spectra of R6G. (b) HOMO and LUMO diagrams of R6G for the first excited state
(S1←S0) transition.
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the pre-factors given in Eq. (18-20). The first-excited state (S1) corresponds to the
strongly allowed transition moment (𝜇𝑦0𝑙 )and is aligned along the xanthene ring. This
gives rise to very strong RR scattering for the totally symmetric modes involving the
xanthene ring vibrations. In contrast, the two-photon moment is dominated by the
0𝑙
(𝑆𝑥𝑦
)component and does not couple with the dominant one-photon transition moment,

thus, does not provide a significant A-term scattering contribution. Instead, vibronic
0𝑙
coupling leads to a large change in the (𝑆𝑦𝑦
) component when coupled to the anti-

symmetric vibrations. This then results in large B-term scattering for HRS. The three0𝑙
photon transition moment for the first-excited state has a large (𝑇𝑦𝑦𝑦
) component that,

similar to RRS, couples with the one-photon transition moment to generate 2HRS
through the A-term scattering mechanism.
Insights into the scattering mechanism can also be gained by considering the
unit-sphere representation of the one-photon transition polarizability along with the twophoton and three-photon transition hyperpolarizability. The unit-sphere representation
is a contraction of the (hyper) polarizability tensor with a unit-electric field projected onto
a sphere and represents the total symmetry of the full tensor. From this representation it
is clear that the RRS polarizability and 2HRS hyper-polarizability are both symmetric
with respect to the mirror plane of R6G and in good agreement with the observation that
the symmetric modes in the xanthene ring are strongly enhanced as expected from an
A-term scatter. The HRS hyper-polarizability is antisymmetric with respect to the mirror
plane in R6G as expected for a B-term scatter where the antisymmetric modes are
strongly enhanced.
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Figure 17. Unit sphere representation of the polarizability(𝜶𝝆𝝈 ),
hyperpolarizability(𝜷𝝆𝝈𝝉 ), and 2nd hyperpolarizability(𝜸𝝆𝝈𝝉𝝂 ) with unit-electric field
projected onto a sphere.
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Cross Sections and Enhancement
The TDDFT calculations provide absolute scattering cross sections (𝜎) which
can be used to determine the number of photons scattered as a function of the incident
laser intensity according to the equations:
[𝐼𝑅 = 𝜎𝑅 𝐼0 ;𝐼𝐻𝑅 = 𝜎𝐻𝑅 𝐼02 ;𝐼2𝐻𝑅 = 𝜚2𝐻𝑅 𝐼03 ]

(11)

where (𝐼0 ) is the laser intensity and (𝜎𝑅 ), (𝐼𝐻𝑅 ), and (𝐼2𝐻𝑅 ) are the Raman, HR, and
2HR cross sections respectively. Combining the experimental intensities, as
determined from the laser powers and spot sizes, with the theoretical cross sections, we
find that the ratio[𝐼𝑅 : 𝐼𝐻𝑅 : 𝐼2𝐻𝑅 ], without surface enhancement, is predicted to
be[1: 10−9 : 10−15 ]. The comparable ratio for the experimental surface enhanced spectra
is [1: 10−2 : 10−4 ] suggesting the surface enhancement effect is more pronounced for the
nonlinear scattering processes. In fact, we find that the SEHRS and SE2HR effects are
(107 ) and (1011 ) times stronger than the SERS effect (Table 1). So far, we have
deliberately avoided assigning a value to ESERS, but if a conservative value of (106 ) is
assumed for the Ag colloid system studied here, we find that [𝐸𝑆𝐸𝐻𝑅𝑆 = 1013 ]
and[𝐸𝑆𝐸2𝐻𝑅𝑆 = 1017 ]. While we appreciate the difficulty associated with the
determination of absolute enhancement factors we emphasize the clear trend toward
larger enhancement factors for the spontaneous χ(2) and χ(3) processes of HR and 2HR.
Even though surface enhancement does not fully compensate for the decrease in the
nonlinear susceptibility, it provides a much larger buffer than might be otherwise
expected. Furthermore, the spontaneous nature of HR and 2HR is achieved with a
single laser beam, avoiding the phase matching and multiple laser beams required by
four-wave-mixing techniques such as CARS.
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Table 1. Power ratios, cross sections and power ratios.
Raman

Hyper-Raman

2nd hyperRaman

Experimental Power
2.9 x 1021
(photon

cm-2

1.4 x 1022

4.3 x 1022

s)

Theoretical Cross

4 x 10-24

5.2 x 10-87 cm6

Section

cm2

I/IR-Theory

1

3 x 10-9

3 x 10-17

I/IR-Experiment

1

5 x 10-3

3 x 10-5

Enhancement / ESERS

1

2 x 106

5 x 1012

1.4 x 10-55 cm4 s
s2
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CONCLUSION
Silver nanoclusters were dosed with R6G and spectra were taken to determine
which clusters were single-molecule active. These clusters were then scanned in a
STEM and EEL spectra were obtained to determine how the plasmonic nature of the
nanostructure compared with those same structures when modeled via the DDA with
both swift electron and plane wave excitation. It was determined that e-beam
placement is critical in the observation of junction hotspots and that more work is
needed to understand how e-beam placement and beam damage affect nanostructures
in a STEM. Silver nanocubes were also studied in a STEM and modeled in the DDA
and it was found that nanocubes, when close to a substrate, exhibit some symmetry
breaking which leads to fano-like interferences. With a combination of more computing
power and better software it is now possible to show just how the plasmon modes of
nanostructures are effected by their environment and that simply using an effective
medium approach when modeling nanostructures via the DDA should be reconsidered.
Silver nanoparticle aggregates were also used for their ability to concentrate the
electric field component of light (SERS) to enhance the Raman signal of R6G enough to
make the first observation of second hyper-Raman scattering. This process, along with
normal Raman and hyper-Raman, could be considered the trifecta of vibrational light
scattering and should be further studied as this new affect can help to probe modes not
visible in (hyper)-Raman. The long wavelengths also raise serious questions on what is
an acceptable substrate as we have shown that even at almost two microns, silver can
still be used as an enhancement medium for SERS.
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The discrete dipole approximation with nonlinear light scattering has proven to be
a powerful tool in the quest to understand plasmonic nanomaterials and the SERS
effect. Silver nanoclusters are invaluable for their ability to enhance a Raman scattering
signal and should be further pursued for their unique optical properties. These
revelations are partly due to the computational power available to us as scientists in the
21st century. Furthermore, we have demonstrated that it is possible to measure
extremely weak signals with surface enhancement and have made contributions in the
field of nonlinear optics and spectroscopy with our observation of second hyper-Raman
scattering; none of which would be possible without the help of plasmonics and
nanomaterial modeling. Going forward, the interplay between optics, computational
electrodynamics, and vibrational spectroscopy can only lead to a greater understanding
of the universe.
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